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AN ANATYSIS OF A HIGHLY COMPOUNDED TWO-STHOKE-CYCLE
COMPRESSION-IGNITION ENGINE

By Max J. Tauschek, Bernard I. Sather
and Arnold E. Biermamn

SMARY

The results of an anslysis of s compowmnd two-gtroke cycle,
campression-ignition engine operating under such conditicns thet
the turbine delivers & lerge smount of the useful work of the
cycle are presented.

Under these condltions, specific weighte for the power plant
of under 1.0 poumnd per brezke horsepower may be obtalined with
reasoneble values of peek cylinder pressure and turbine-inlet
temperature. Desirable manifold pressures are in the range of 60
tc 110 pounds per square inch absolube at an altitude of
30,000 feet. A pey-load - range study for an aircraft using the
power plant considered serves to evaluate the merit of the engine
and indicates large increases in range over that offered by the
conventional reciprocating engine, which ls not compounded.

INTRODUCTION

Previous investigations of the lightly compounded recipro-
caeting engine (references 1 to 8) have indicated that the advan-
tage of good fuel economy in thils type of power plent is, to a
certain extent, offset by a high specific weight. The lightly
campounded engline 1s defined as one in which the greater part of
the work of the cycle is performed by the reclprocating-engine
camponent. The reciprocating-engine component is relatively
heavy as campared with the gas-turbine component; consequently,
the over-all welght of the lightly compounded engine 1s high. It
is therefore advanbageous in the campound engine for the ges
turhine to perform as much of the work of the cycle as is con-
slptent with the attaimment of high over-all efficiency. This
errangement results in a highly compounded engine In which the
reciprocating engine performs only the work of the cycle that
involves high pressures and high temperatures. The recilprocating
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engline can therefore be made relatively small, and inasmuch as this
camponent represents the greater part of the welght of the campound
engline, the over-all welght of the compound engine is low.

An anslysls of a campound engine using a spark-ignition cycle
over a wide range of compounding is presented in reference 9. In
this enalysis, however, the degree of compounding is treated as a
dependent variable and weight is not discussed. The analysis is
also restricted to one set of engine limits and does not consider
the knock or preignition problema.

In reference 10, a particular case of the highly compounded
engine in which the power developed by the reclprocating engine is
equal to the power required by the compressor is analyzed. In
this analysis, the degree of compounding is fixed at one value for
any given set of englne limits and engine operating conditions. In
addition, the division of work must change to maintaln the
campressor-engine power equelity whenever the operating condlitions
or engine limits are changed. Conseguently, the analysis of refer-
ence 10 cannot show trends with divislon of work and cannot lead to
conclusions regarding the effect of divieion of work on the
pexrformance of the engins.

The two-stroke~cycle, compression-ignition engine has certain
unigue characteristics that make it especlally sultable for a
highly compounded engine. Among these characteristics are:

(a) The fuel-knock and preignition problems of the spark-
ignition engline are avoided.

(b) The capacity of the campression-ignition engine for
operating with lean mixtures makes control of both the turbine-
Inlet temperatures and the cylinder pressures feaslible to some
extent by varylng the mixture strength.

(¢) The high air-handling cepaclty of the two-stroke-cycle
engine is of particular advantage 1n reducing the welght of the
campound engine., The compression-ignition engine is well adapted
to operate on the two-stroke cycle.

(d) The ebsence of poppet valves in the two-stroke-cycle
engline cylinder maekes 1t capable of withstending high cylinder
Pressures.

The use of the simple loop-scavenged cylinder 1s compli-
cated by the difficulty of scavenging such a cylinder. A uniflow-
scavenged cylinder offsets this difficulty, but such a cylinder
incurs a penalty in englne weight and complication.
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The potentialitles of the campound, two-stroke-cycle,
compression-~ignition engine when the degree of compounding 1s
Increased have thexefore been analytlcally Investlgabed at the
NACA Lewls laboratory and are Indicated herein. Because the
berformance of the highly compounded engine is dependent upon the
values asslgned to the perameters thsat determine the mschanical and
thermal stresses in the engine and the efflclencles of the various
coanponents in the system, the performance potentialities of thils
engline when the engline limits and component efficlencies are varied
are also shown.

METHODS OF ARALYSIS

The englne used in the analysis comprises a two-stroke cycle,
compresglion~ignition engine, a canvressor, and a turblne geared to
a common shaft (fig. 1). Initisl compression takes place in a
diffuser and the compressor; flnal compression, addition of fuel,
and initial expansion occur in the camponent reciprocating engine.
Finel expansion occurs in the turbine and the exhaust nozzle. The
degree of compounding is determined by the amount of compression
and expanslon taking place in the component englne relative to that
which occurs in the compressor and the turbine.

Performance Analysils

The engine was assumed to operste in NACA standard etmosvherlic
conditions at a flight gpeed of 400 miles per hour. Except vwhere
specifically steted, an altitude of 30,000 feet wes assumed. Full
rem temperature rise and 90 percent of the avellable rem pressure
rise at the Inlet to the compressor were assumed, and Jet thrust
from the turbine exhaust was neglected to reduce the mumber of
variables.

The following table shows the lndependent varisbles
congidered and the ranges through which they were assumed to very:
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Varlable Baslc values | considered

Peak cylinder pressure, 1lb/sq in. abs. |1200, 1600 | 1000 - 2000
Turbine-inlet temperatwre, R 1860, 2260 | 1400 - 2400
Menifold pressure, 1b/sq in. abs. 60, 110, 160 20 - 200
Altitude, feet 30,000 0 - 50,000
Compressor efficlency 0.85 0.60 - 0.95
Component-engine thermal efficiency Standerd® | 0.60 - 1.05
X 'standard

Turbine efficiency 0.85 0.60 - 0.95

asta.nda.rd component-engine efficiency is that defined by the data
of fig. 2.

The bagic values are the velues at which each variable was held
Pixed while the other variables were variled.

Component engine. - The component englne waes assumed o
operate on a limited-pressure combustion cycle. A search of data
on campresslon-ignition englnes indicated that the ratio between
the combustion pressure and the compression pressure could be
expressed as a linesar functlon of a cylinder fuel-alr ratlo. The
linear function chosen for this analysis is shown in figure 2.
This relation was subsequently used to calculete pesk cylinder
Pressures In the camponent engine. Because the component-engine
indicated thexmal efficlency i1s relatlvely unaffected by changes
in inlet-manifold temperature (or temperature at end of campression),
the effect of veriations of this temperature on component-engins
efficlency was neglected.

The efficiency data in figure 2 were obtained by computing an
ldeal efficlency for the chosen cycle and subsequently correcting
thls 1deal efficlency to an sctusl value. In carrying out tais
procedure, the methods of Hersey, Eberhardt, and Hottel (ref-
erence 11) were used for the rich mixbtures, and en air-cycle
enalysis was used for the lesn-mixture points. Allowance was made
for the presence of residuals in the cylinder. An Indicated
basis was used to permit a correlatlion with four-stroke-cycle
data. The resultant efficlency data were then correlated with the
datae of reference 1l2. The factor used to correct the data varled
linearly with fuel-alr ratio and wae welghted with respect to com-
preesion ratio. The method of correction is discussed 1n greater
detail (in the notation of appendix A) in appendix B.

Turbine. - The turbine-inlet temperature was determlned by
means of a heat balance across the engine wilth an assumed heat |

S90T
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loss of 18 percent of the heat input of the fuel. The turbine-
inlet temperature and the turbine work were eveluated by Mollier
charts of the thermodynemic properties of exhaust gases, plotied
from the date of reference 13.

Performance limits. - The chlef limitations on the performance
of the engine were taken to be peak cylinder pressure and turblne- -
inlet temperature. A graphical solution was used to find values
of fuel-air ratio and compression ratio that would result ln the
desired turbine-inlet temperature. Consequently, the anelysis
wes made with compression ratio as the independent variable but
is reported with turbine-inlet temperature as a parameter.

A third limitation influentisel in fixing the englins perform-
ance is mean piston speed. Because Increases in piston speed are
largely accampanied by increases in scavenging pressure drops and
friction losses, piston speed in this analysis was held constant
at 2400 feet per minute.

A summary of the equations used in evaluablng the perform-
ence of the compound engine is presented in appendix B.

Welght Analysis

A dimensional analysis was made on each component of the
campound englne to establish weight equations for that coamponent.
The constants of the resulting expressions were evaluated by a
compaxrison with unpublished data from current reciprocating,
turbojet, and turbine-propeller engines and turbosuperchargers.
A1l welghts (the installed weights of the power plant without
propeller) were calculated for an engine of 3000 brake horse-
power.

The weight of the component englne was set up as a functlon
of the peak cylinder pressure and displacement and, for a glven
cylinder pressure and displacement, was 30 to 40 percent greater
then that of a comparable spark-ignition engine. This increase
was deemed necessary to allow for the addlitionel weight incurred
in the use of the two-stroke-cycle, uniflow-scavenged cylinder.

For the campressor and turbine components, the welght was
essumed to be a function of the volumetric flow rate and the
pressure ratlo. The welght of the propeller- and turbine-
reduction gears was beken to be proportional to the horsepower
transmitted. Radiator weights were. expressed as a fumction of
the fuel flow.
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The equations used in thls part of the analysls are summarlzed
in appendix C.

Pay-Load - Range Analysis

In evaluating the performence of the engine as installed in
an aircraft, the pay-load - range analyels of reference l4 was
uged. A wing loadling limited to 80 pounds per square foot was
selected. A propeller specific weight of 0.5 pound per brake
horsepower and an engine frontal area of 14.72 square feet were
used. All other assumptlions pertaining to the aircraft are as
glven in reference 1l4.

RESULTS AND DISCUSSION
Effect of Degree of Compounding

In an examlnatlion of the over-all performence of the two-
stroke-cycle, campression-ignition compound engine, investigation
of the methods whereby low specific welghts may be obtained is
particularly desirable. Obviously, cne way of accamplishing this
conslderation is to increase the degree of compounding of the
englne. This increase 1s most easily attalned by raising the
manifold and exhaust pressures of the component engine and at the
seme time =0 decreasing the compression ratio and the fuel-air
ratlo as $0 permit consistent values of cylinder pressure and
turbine-inlet temperature. In this manner, the temperature ratio
across the compressor and the turbine, relative to that occurring
wilthin the component engine, is Increased.

The variation in spscific output (bhp/cu in. of total
cylinder volume above the porta), specific air flow (1b/(nhr)
(cu in. of total cylinder volume above the ports)), and specific
alr consumption (lb/bhp-hr) when the degree of campounding is
altered at an eltitude of 30,000 feet 1s shown in figure 3. The
amount of compounding is indicated in figure 3 by the manifold
pressure shown as the abscissa. As the menifold pressure is
increased, the specific air flow through the reciprocating englne
is increased. Leaning the frel mixture, however, causes an
increase in the specific air consumption. Immedlately, the
question arises as to whether the increase in alr capacity 1is
sufficient to offset the increase in specific air consumption.
This question 1s answered by the specific-output curve of figure 3,
which initially rises quite rapidly and reaches a peak value.

1065
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Beyond the value of manifold pressure corresponding to this peak,
the specific alr consumptlon increases more -rapidly than the air-
flow rate, which causes a reduction in specific output.

It has been Intimated prevliously that the welght of the
reclprocating component engine is influential in fixing the
welght of the compound engine. In other words, the welght of the
component engine lis large compared with the combined weight of
the turbine and compressor components. If thls relation ls trus,
the welght of the compound engine per cubic inch of component~
engine-cylinder volume should not very too much with the degree
of compounding. Data to illustrate this point are shown in
Tigure 4, in which the welght of the campound engine per cubic
inch of component-englne-cylinder volume 1s plotted as a function
of manifold pressure. The increasling magnitude of thls varlable
ag the manifold pressure is increased is, of course, caused by
the Increase in the welights of the turbine; the compressor, and
the turbine-reductlon gear.

The date of figures 3 and 4 show the fundamental reason
vwhy the highly compounded engine is lighter on a specific-welght
basls than the lightly compounded engine. Because the guotient
of the velues of weight per unit cylinder volume and power per
untt cylinder volume 1s speclfic weight in welght per unlt of
power, it 1s obvious that the speclfic weight wlll decrease when
the algebraic rate of chenge of the specific output with a change
in operating conditlions 1s larger than the algebraic rate of
change of englne weight per unit of cylinder volume. The data of
figures 3 and 4 show that an increase In the degree of compounding
setlsfles these conditions.

Specific output, speciflc weight, and specific fuel consump-
tlon are plotted in figure 5 as functions of the degree of com-
pounding, again represented by manifold pressure. The degree of
campounding is alsc gliven for this range of manifold pressure. The
degree of campounding ls defined as the turbine work divided by the
sum of the engine and turbine work. Thus, a value of zero repre-
sents an ordinary reclprocating engine without a turbosupercharger
and e velue of unity is a turbinev¥propeller engine. These curves
show thet operation in the region of minimum fuel consumption and
engine weight occurs around a manifold pressure of 60 pounds per
squere inch absolubte for the lower limits and aroumd 110 pounds per
square Iinch absolute for the higher limits. The degree of com-
pounding for operation at these manifold pressures increases with
the engine limits.
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The fuel-consumption curves of figure 5 reach e minimm value
at moderate values of manifold pressure. Because the turbine-inlet
temperature is constent, increases in the manifold pressure incur a
rise In turbine pressure ratio and thus an increased energy
recovery in the turbine. Increasing the manifold pressure at con-
stant engine limits, however, reduces the expansion ratio in the
component englne. This expansion ratlio veries from a maximm velue
of about 18 at the lower manifold pressures to a minimum of about
4 at the higher menifold pressures. The sum of these effects
causes the fuel consumption to decresse initially and then increase.

The data of figure 5 indicate that the highly campounded
engine 1s capable of operation at brake specific fuel consumptions
of the order of 0.32 pound per horsepower-~hour and specific welghts
below 0.8 pound per brake horsepower. These values are for a peak
cylinder pressure of 1600 pounds per square inch snd a turbine-
Inlet temperature of 2260° R.

In figure 6 the work of the various camponents 1s shown as a
function of manifold pressure for the data of figure 5. These
verlations in camponent work lead to the division of work shown in
figure 5. The point at which the engine and campressor work curves
intersect corresponds to the opersting point of a gas-gensrator
engine of the type discussed in reference 10. This point cccurs at
a manifold pressure of 75 pounds per sguare inch absolute for the
lower engine limits (fig. 6(a)), and at 100 pounds per square inch
absolute for the higher limits (fig. 6(b)).

L
Effect of Altitude

The performasnce of a highly campounded engine 1s shown as a
function of altitude for three values of manifold pressure in
figure 7. These data show that up to about 30,000 feet, a change
in altitude has little effect on the specific weight of the engine.
At the same time, a pronounced decrease In fuel consumption is
noted as the altlitude of operation is increesed. This decrease is
a result of malntaining s constant limiting cylinder pressure. The
over-all pressure retio of the campound engine thus increases In
direct relation to the reduction in ambient pressure with altitude,
which results in a lower fuel consumption.

The speclfic output decreases slowly up to about an altlitude of
35,000 feet and then drops more rapidly as the altitude is increased
further. Both the specific air flow and speciflc air consump-
tion decrease ag the altitude of operatlon is increased, and
these two variesbles tend to ccompensate each other and meintain an
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essentlally constant apecific outpubt. Above 35,000 feet, however,
the ambient-air temperature reaches & constant value. As a result,
the specific air consumption decreases at a slower rate and the
specific sir flow decreases at a higher rate with further altitude
increases, and so the slope of the speclific~oubtput curve changes.

Effect of Camponent Efficlencles

Campreggor efficiency. - The influence of compressor effi-
ciency on over-all engine performence et an altitude of
30,000 feet is shown in figure 8. Specific fuel consumption is
more or less independent of the campressor efficiency because inef-
ficiencies in the compressor are partly recovered by the turbine
that follows in the cycle and because scme campression takes place
in the component engine. The specific welght and the specific
output ; however, show a more marked varlatlon for changes in
conpressor efficlency.

ure 9, the perfozmnce of t.he com;pound engine a.t an altitude of
30,000 feet 18 given as a function of relative thermal efficiency.
Relative thermal efficlency is defined am the ratlo between the
actual thermal efficlency of the reciprocating engine and that
defined by the date of figure 2. Here agein, the same general
effects are noted as for inefficlencies occurring in the compressor.
The specific fuel consumption variles slightly with wide changes in
relative themmal efficlencies, whereas the variatlon In specific
weight and specific output is esgain more predaminant. .

Turbine efficiency. - As might be expected, the variation of
engine performence with turbine efficlency at 30,000 feet (fig. 10)
is rather marked. Because 1n the highly compounded englne a large
portion of the work of the cycle is performed 1n the turbine,
changes in turbine efficlency are criticael wlth respect to over-all
engine performance. Figure 10 indicates that a change in ‘urbine
efficiency from 70 to SO percent decreases the fuel consumption
about 22 percent at a manifold pressure of 110 pounds per square
inch absolute. The corresponding change in specific welght l1s
gbout 13 percent, and that in specific output 25 percent.
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Varietion of Engine Performance with
Engine Operating Limltations

Figures 11 to 13 show engine performence at an altitude of
30,000 feet as a function of the engine operating limits, peak
cylinder pressure and turbine-inlet temperature, for three
manifold pressures.

The general effect of raising the engine limite, as shown by
these curves, is to increasse the performsnce of the engine. The
specific output (fig. 13) and the specific weight (fig. 12)
generally improve with increaeses in either or both of the engine
limits. Figure 11, however, shows that the specific fuel con-
sumption passes through e minimun value with variable turbine-
inlet temperature. The shape of these curves is influenced by the
megnitudes of the compressor and turbine efficlencles and the
menifold pressure. At low values of turbine-inlet temperature,
the effect of compressor efficiency 1s predominant; whereas, ab
high values of this temperature, the turblne efficiency is more
influential in determining the fuel consumption.

An inspection of a composite figure of figures 11 to 13 for
the various manifold pressures shows that the surfaces for epecific
fuel consumption and specific weight for the different manifold
pressures intersect. The general effect ls for optimum operation
to occur at higher manifold pressures as the engine limlts are
increased.

The data shown in these figures indicate that the desired
engine performence may scmetimes be obtained with geveral combin-
ations of limits. Thus the difficulty of operating with a high
turbine-inlet temperature might be welghed against the problems
encountered in using high peak cylinder pressures. The presence
of a third variable, that of manifold pressure, further compli-
cates the situation. The selection of the best engine limits,
therefore, requires & delicate compramise involving the appli-
cation of the engine, the probable cost of development, and the
required operating reliability of the compound engine.

Effect of Engine Limits on Aircrafi Performence
Specific weight and specific fuel consumption alone do not

deotermine the merit of an engine unless some means is avallable
to ascribe the proper importence to each. ' Such a means 1s
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afforded by an analysls of the performance of the aircraft in which
the engine is used. For the present purposes, pay-load ~carrying
abllity at long range was selected as the criterion of excellence
inasmuch as the highly compounded engine is proposed mainly for
long-range flight.

The effect of englne limlts, pesk cylinder pressure, and
turbins-inlet temperature on the disposable-load - gross-weight
end initial-fuel-rate - groas-welght ratios of & typlcal tranaport-
type aircraft is shown 1ln figure 14. The analysis and the assump-
tions leading to these data were taken from reference 1l4; an
engline frontal area of 14.72 square feet and a propeller specific
welght of 0.5 pound per brake horsepower were assumed. The peram-
eter K may be defined as the ratio of average to initial fuel
rabte per mile per ton of initlal gross weight. These curves bprovide
a means of evaluating the relative importance of the engine limits
as they influence the performance of the alrcraft in which the
engine is used. For example, figure 14 shows that ag far as ulti-
mate range is concerned, there are many comblhations of peak cyl-
inder pressure and turblne-inlet temperature that result in the
sems valus of ultimate range. When a large pay load is o be
carried, however, the data show that the higher turbine-~inlet
temperature should be favored.

Figure 14 shows that increasing the peak cylinder pressure
results in an increase In the ultimate range. This effect occurs
through a reduction in the initlal-fuel-rate - gross-welght ratilo,
although in almost every case, slight increases 1n the dlsposable-
load - gross-welight ratlo are also present. This increase in
ultimate reange indicates that an Increase in cargo loed at a glven
range may be obtalned by operating at higher cylinder pressures.

Maximm wltimate range 1s obtalned at a given value of
turbine-inlet temperature for each manifold pressure and decreases
when the temperabure is changed. Meximum ultimate range for eny
glven cylindsr pressure occurs at the polnt where the range lins
and constant~cylinder-pressure line are tangent in figure 1l4. The
turbine-inlet temperature at this point variles from about 1700° R
at a manifold pressure of 60 younds per square inch absolute to
about 2200° R at 160 pounds per square inch absolute. The magni-
tude of the peak cylindsr pressure also has a small effect on the
location of this optimum point.

Increasing the turbine-inlet temperature in all ceges ralses
the disposable-~load - gross-welght ratio. Temperatures above the
optimm temperature for maximm ultimate range are therefore
desirable for operation with large cargo loads.
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The pay-load - gross-welght ratio, taken from figure 14, is
plotted against turbine-inlet temperature in figure 15 for a peak
cylinder pressure of 1600 pounds per square inch. The peaks in
these curves indlicate optimm turbine-inliet temperature for maxi-
mm cargo capaclty, and the dashed line comnecting these peaks
therefore represents the optimm variastion of turbine-inltet
temperature with aircraft range. As the range increases, the
optimm turbine-inlet temperature decreases fram a value correa-
ponding to that for the maximmm disposable-load - gross-welght
ratioc to a vaelue corresponding roughly to that for the minimum
initial -fuel~rate - gross-welght ratio.

The data in figures 14 and 15 show that the highly com-
pounded engine 1s capable of operating at ultimate ranges up to
10,000 miles (fig. 14) and at pay-load - gross-welght ratios as
high as 0.475 at short ranges (fig. 15). Reasonably high values of
engine limits are imperative, however, in order for the engine to
approach this performance.

For the interpretation of the range and cargo-capacity values
cited for the highly compounded engine, the performance of an
alrcraft powered with a conventional turbosupercharged recipro-
cating engine was calculated. This conventional engine was assumed
to have a specific weight of 2.0 pounds per brake horsepoweXr
installed but without a propeller and a specific fuel consumption
of 0.45 pound per bxake horsepower-hour. The resultant values for-’
this alrcraft - power-plant combination'were an ultimate range of
5500 miles and a pay-load - gross-weight ratio of 0.36 at short
range. Thus the highly compounded engine provides about double the
renge and about 30 percent greater cargo capeclty than the more
conventional engine. As the range increases, the ratio of cargo
capacitlies for the two aircraft increases in favor of the alrcraft
powered by the highly compounded engine, reaching infinity at
5500 miles range-. :

CONCLUSIONS

From an analyeis of a highly compounied two-stroke-cycle,
compression-ignition engine, the followlng conclusions may be drawn:

1. The highly ccampounded engine is capable of coperating at a
specific fuel consumption of the order of 0.32 pound per brake
horsepower-hour and a specific weight of the order of 0.8 pound per
brake horsepower, with reasonable values of peak cylinder pressure
and turbine-inlet ten.lperature. .

1085



S901

RACA RM No. ESLO9 13

2. Deslrable manifold pressures are in the range of 60 to
110 pounils per square inch absolute at an altitude of 30,000 feet.

3. The performance potentizlities of the highly ceompounded
engine are Improved as pressure and temperature limitetions are
increased.

4, Moderate ineffliciencies In the component compression-
ignition engine and 1ln the campressor can be tolerated in the
highly compounded englne because these losses are partly rescovered
by the turbine thet follows in the cycle.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohio.
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APPENDIX A

SYMBOLS

The following symbols are used in appendixes B and C:

®p,ec

F/A
(F/A)y
He

H

Hpy

by,

=

specific heat at constant pressure of compressor
air, 0.243 Btu/(1b)(°R)

over-all fuel-air ratilo

fuel-air ratio in cylinder of component engine (burmer)
enthalpy of geses entering turbine, .'Btu/lb

enthalpy of gases leaving turbine, Btu/1b

enthalpy of air entering component engine, Btu/1lb
lower heat of combustion of fusl, 18,500 Btu/lb fuel

mass flow of alr through engins, 1b/(sec)(cu ft of
cylinder volume above ports)

speed of component engine, rpm

ram pressure of alr at entrance to campressor,
l'b/sq In. abs.

canpresslon pressure of component engine (burner),
1b/sq in. abs.

exhaust back pressure of component engine (turbine-
inlet pressure), 1b/sq in. abs.

Inlet-manifold pressure of camponent engine, lb/sq in. abs.

peak combustion pressure of component engine, l'b/sq in. abs.

bressure of ambient alr, 1b/sg_ in. abs.

heat loss of component engine, B'bu/lb of air entering
engine

scavenging ratlo - ratic of welight of fresh charge
delivered to component-engine cylinder per cycle o
product of inlet density and total cylindexr volume
above ports

1065
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r canpression retio of component engine

Tq, temperature of alr at entrance to compressor, °R

Te temperature of gases entering turbine, °R

T temperature of air entering component englne (burmer), °R

Ty temperature of ambient air, °R

v veloclty of flight, mph

Vo volume flow of air into campressor, cu ft/sec

5 total pileston displacement of component engine (burner),
cu in.

ve volume flow into turblne, cu ft/sec

Wace welght of engine accessories, 1lb

W-b welght of component engine, 1b

Wc welght of compressor, 1b

Wpr welght of propeller reduction gear, 1b

L wolght of radiators, 1b

W‘b welght of turbine, 1b

W'br wolght of turbine reduction gear, 1b

W brake output of component engine (burner), Btu/lb of
alr entering englns

Ve canpressoy work,B‘bu/l'b of alr entering ensing

W net work of compound engine., Btu/lb of alr entering engins

L turbine work per pound of air, Btu/lb

Ty indicated thermal ea?i;iciency of component engine (burner)

Mg adiabatic efficiency of compressor
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efficiency of propeller reduction gearing, 0.97
scavenglng effliclency - ratio of weight of fresh charge
contalned in component—-engine cylinder at time of

port closing to product of inlet density and total
cylinder volume above ports

adiabatic efficiency of turbine, total to static pressure

efficiency of turbine reductlon gearing, 0.97
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AFPENDIX B

ANATIYSIS OF COMPOUND-ENGINE FERFORMANCE

The following equations were used to estimabte the performence
of the two-stroke-cycle campound engine:

Ram pressure end temperature. - The ram pressure and
temperature in the diffuser duct leadling toc the compressor inlet
with a 90-percent ram-pressure-rilse recovery are expressed by

27 3.5
I PO<{E. * 1‘@?(%%) ] - 1} 0.9 + 1) (B1)

2
— B2
Tg = Tg + 1.79 (100) (B2)

Compressor calculations. - The performance of the ccmpraséor
on the basis of work done per pound of air handled can be expressed by

Vo= Cp¢ (Tm-Ta) (B3)

T p \ 0-283
Tm=i [<§f) -1] +T, (B4)

Scavenging ratlio. - Analysls of data from experimental and
production two-stroke-cycle engines indicebtes that the two-stroke-
sycle cylinder can be replaced by an eguivalent orifice with respect
to alr flow through the cylinder., In the range of operation
considered, the air flow through the uniflow cylinder chosen for this
enalysis can then be represented by the equation

Rs-:kV(l-P/P)T (85)

e m" m

where

where k is a constant that includes the area and the discharge
coefficient of the equivalent orifice and alsc Includes conversion
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constants to make the uniis consistent. The value of Xk 1is really
a function of piston speed; however, because in this analysis piston
speed 1s held constent, the value of k remains unchanged. Evalu-
abion of this constant by use of experimental data from an engine of
the type chosen for this analysis resulted in the equation

Rg = 0.0981A/(1 - Pg/P, )T, (BS)

In the present analysis, the value of the scavenging ratio RB
wes fixed at 1.3. Equation (B6) may then be rearranged to permit
a calculation of the exbaust-pressure - manifold-pressure ratlio and
subsequently the exhaust pressure.

Scavenging efficiency. - Analysis of data from a uniflow, two-
gtroke-cycle engine (reference ) indicated that the scavenging
efficlency of this type of engine could be related to the scavenglng
ratio by the equations

ng = 0.75 R_ + 0.25 (1 -e RS) (B7)
where
Ry < 1.0
and
"Rs)
Mg = 0.75 + 0.25\1 - e (B8)
where
R =1.0

Over-2l1l fuel-alr ratioc. - The over-all fuel-alr ratlo can be
expressed by the relation

ﬁ.@ﬂa (89)

Ry

Efficiency of component engine. - A uniflow, two-stroke-cycle

compression-ignition englne was used as the camponent engine for
this analysis. Because this engine must operate over a wlde range
of compression ratlos end fuel-alr ratios, an analytical or
graphical relation between the engine indicated thermal efficlency
and the fuel-alr ratlo, campression ratio, and ratio of peak com-
bustion pressure to compression pressure is convenlent.

E S L]
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A 1imited prassure cycle was chosen for the component engine
and the rate of combustion was assumed to be & linear function of
the cylinder fuel-alr ratio such that the ratioc of peak combustion
Pressure Lo compresslion pressure wag a maximm of 1.5 at a fuel-alr
ratlo of 0.0678 and 1 at a fuel-air ratic of O. Thus

0.5 (F/A),
Ppax = Pp [1 T (B10)

By thils relation, the theoretlcal 1ndicated thermel efficlency of
the component engine was computed on a fusl-alr-cycle basle for the
richer mixtures (0.05 to 0.06775) from thermodynemic charts
according to the methods of reference 11 and on an alr-cycle basis
for the vexry lean fusl-sir ratlios.

Rich-mixture data taken on & compression-ignlticn engine
(reference 12) operating at the same conditions of fuel-alr ratio,
compression ratio, and ratio of peak combustion pressure to cam-
pPression pressure were used to correct the theoretical indicated
thermal efficlencies to actual thermel efficlencies. Because data
were avallable for only one operatling point, correctlione for any
other point were made on the assumption that the deviation of the
actual from the theoretical thermal efficiency was proportional to
the fuel-alr ratio and the absolubte magnitude of the polnt to be
coxrrected.

Curves of actuasl indicated values of thermal efficlency Ty as

a function of fuel=-ailr ratio and compression ratlo are shown in
figure 2. The brake output in Btu per pound of air entering the
engline, with & mechanical efficlency of S0 percent assumed, 1s then

w, = 1(F/A)(18,500) (0.9) (B11)

The value of le is determined fram figure 2 at the engine com-
pression ratio used and the fuel-sir ratlo existing in the engine
cylinder.

Zurbine-inlet Pressure. - The pressure at the inlet of the
turbine may be expressed by the eguation

2
R
ro-ma[3 e (o) @12
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b - t ra, . = If the component engline 1is 1so-
lated and treated as a steady~flow machine, the enthalpy of the
geses entering the turbine may be found by a simple heat balance:

_ Hy +hy (7/a) -Q - w
He = T % (F/A)

The heat loss of the camponent engine Q@ 1n Btu per pound of alr
may be expressed as a percentage of the heat input. Data fram
reference 15 may be interpreted to indlcate that the heat loss ia

approximately 18 percent of the heat input, so that

. B +h (Fr/a) (1 - 0.18) - Wy

o 1+ (F/A) (813)

Thermodynamic charts were prepared from reference 13, fram
which Te mey be read at the computed valus of He'

Turbine calculations. - The turbine work per pound of alr
entering the engine may be expressed by

LA [1 + (F/A)] (ne - ]1‘) (B14)

where H, i1s the enthalpy of the gases leaving the turbine after
100-percent-efficient adiabatic expansion to atmospheric pressurs
and may be found from the thermodynamic charts.

To ork of alr. - If the work of the turbine is
greater than the work of the compressor, the total work of the
campound engine per pound of alr entering the engine 1s

W, = gy ["’b + g, (W - wc)] (B15)

If the campressor work is greater than the work of the turbine, the
total work per pound of alr is then

W O -W :
W=7 (w + b c (B152.)
n Pr\ b P

Brake gpecific fuel consumption. - The brake specific fuel
consumption of the compound engine is expressed by

1065
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befc = 285 AF (B16)
wn

Ajr flow throush epaipe. - The weight flow of air entering the
compound. engine In pounds per second per cublc foot of total volume

above the ports is

M =R X ‘.Jff_fﬁ. (B17)
8 60 \ 53,3 'L‘m
Net brake horsepower per cubic inch. - The output of the com-

pound engine expressed 1n brake horsepower per cubic inch of total
volume above the ports is ’

B _p o x 278 x _1 (B18)
cw in. . 'm” 550 . 1728 ,
cific a s} i « = The brake speclific air

conswmptlon of the compound engine cen be expressed by

bsac = (E Ac (B19)

Specific air flow. ~ The speciflc alr flow, in pounds per hour
per cubic inch, of the compound engine is

gsaf = (bhp/cu in.) bsec (B20)
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APPENDIX C .

ANALYSIS OF SPECIFIC WEIGHT OF COMPOUND ENGINE

1065

The specific weights In this analysis are computed for a com-
pound engline having a rating of 3000 horsepower at an altitude of
30,000 feet. The component engine 1s assumed to operate at 2400 rmm
and the limiting conditions of pesk cylinder pressure and turbine-
inlet temperature are glven for each set of operating conditlons.

The speclific weight of the engine at each operating polint 1s
determined by estimating the welght of each component, adding the
welghts, and dividing by the rated 3000 horsepowsr. The results
are then presented In pounds per horsepower.

Camponent engine. - Analysls of data glving the welghts of the
power sectlons of varlous produotion-type reciprocatling englnes
indicated that the weight of an engine of given piston displacement
would comsist of (1) a basic frame weight, which would exist even
though gas forces on ‘the plstons were zero, (2) a factor to take
into account the ges forces on the pistons, and (3) weighte of .
accessory parts such as the generator; starter, pumps, fuel injec-
tors, and tubing. The equation of total engline welght then takes
the form: -

Wp = (kl tk Pma.x) 5 * Yace

From consideration of date from current engines and from
reference 16 and with the welight of accessories assumed at approxi-
mately 200 pounds, the constants k.L and ]:2 may be evaluated so
that

0.5 P v
max b
Wp = <o S+ ~—m55 ) TE + 200 (c1)

If the ratio of campression ratlo based on the volume above the
ports to the compression ratlo based on the total piston dilsplacement
is assumed to be 0.8, the total piston displacement vy may be
calculated from the equation

- 3000 . Z: - 0-8) Cz
5 © Thp/eu in. 125( r (c2) .
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Compressor and turblne welghts. - Analysis of data on current
campressors and bturbines Indlicates that the weights of these flow

machines consist of: (1) a basic frame welght, (2) a factor that
takes into account the volume flow, and (3) a factor that accounts
for the mumber of pressure stages required.

Dimensional anelysis shows that, on the basis of constant
veloclity into the flow unit, volume flow through the unilt is pro-
portional to the diasmeter squared and weight of the unit is pro-
portlonal to the dlsmeter cubed. Thus the weight of the flow
machine is a function of the volume flow to the 1.5 power. Further,
inasmuch as the weolght of the campressor or turbine is proportlonal
to the number of stages required and the total pressure ratio across
the wnit 1s equal to the product of the pressure ratlos across each
stage, the welght of the compressor or the turbine is a function of
the log of the total pressure ratio.

As a result of evaluating the constents in the equation
relating these parameters by means of data from current compressors
and turbines, the welght of the compressor is expressed by

W 7 0.0 15 (Pm)' (c3)
c=5+.353va_ loSlOP; 3

and the weight of the turbine is expressed by

- 1.5 Pe
wt 36 + 0.042 v, 10810 <§;> (ca)

The volums flow entering the compressor, expressed in cubilc
feet per second at compressor-inlet conditions, 1is

Hoc RN B T
e bhp/cu in. " 17287 60 T Py

and the volmme flow entering the turbine, expressed in cublc feet
per second at turbins-inlet conditions, is

3000 1 RSN
v

- % % ) (cs)
e bhp/cu in. T 1728 60

X

i

Te

X £
5 (l+
e

Ch
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Weight of reduction gesrs. - An examlnation of data on current
turbine-engine reduction gears showed that thelr welght could be

expressed as a fraction of the horsepower transmitted. Thus the
weight of the propeller reduction gear of the compound engine 1s

W = 0.15 X 3000 (c7)
pr

and the welght of the turbine reduction gear of the compound engins
1s

778 _ 3000 1 Bal 144 Bn (ca)
550 bhp/cu in. 1728 60 53.3 Ty

Wgp = 0.15 (wt-*wc)

Welght of radistors. -~ The entire heat reJection of the com-
ponent engine, which includes heat rejected to the coolant and to
the lubricating oil, was assumed to be dellivered to one set of
radiators. Radlators having capacities of 6000 Btu per minute per
square foot of area per 100° F of initial temperature difference
and welghts of 20 pounds per square foot of area were used in the
calculations. With a total ' heat rejection of 18 percent of the
fuel Iinput to the englne and an average coolant temperature of
250° F, the welghts of the radiator will then be

W = 30,000 X _bafe X 0.18 X 18,500 X 20 X %OO
r 60 6000 X (250+460-T,

or

W.. = befc X 555 X —-LQ-LT (c9)
r (710-T,

Speclfic t of . - The specific welght of
the compound engline can then be expressed by the equation
Wy +W<= +Wt + W + We + Wr

specific welght = SOOO:Qr (c10)
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Figure 3. - Effect of manifold pressure on specific ailr flow and
specific air consumption of compound engine and resultant effects
on specific output of compound engine. Pesak cylinder pressure,
1200 pounds per square inch; turbine-inlet temperature, 1860° R;
altitude, 30,000 feet; flight veloclty, 400 mlles per hour,
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three values of manifold pressure, Altitude, 30,000 feet; flight veloclty, 400 miles per
hour., (Dashed lines represent constant ordinate values,)
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Pigure 12. - Concluded. Effect of engine limlts on specific welght of compound engine
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